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» June 2003: first glimpse of Olivier at a Mykonos conference

. . . — _COSMOS
» December 2006-June 2008: first stay in Marseille e S <0000 VLT redshifts

for COSMOS

—

» July 2011-dune 2014 second stay in Marsellle...

- July 2014: | move to Chile

- January 2018: back to Padova
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UNIVERSITA Something not particularly

DEGLI STUDI

DI PADOVA stimulating for Olivier

COSMOLOGY

Astronomers Spot Most Distant
Galaxy Yet, 13.5 Billion Light-Years
from Earth

Apr 2, 2018

Hubble Uncovers the Farthest Star Ever Seen

The farthest **put your favorite object here™* ever found!!!
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VUDS N() compared to other spectroscopic surveys
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2300 [ IS § -
= 4 hLLLe Févre et al. (2015) | - * ~350 galaxies with z>4, good flag
200 ' | -
;] *mi<25 (Main-sequence up to z~6)
100 ' e
N 7 e 1 This is something to be proud of!
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CosMmiC NOON Redshift Cosmic dawn



UNIVERSITA

vecui Stunt - Gomparison with DEIMOS10k and VANDELS

DI PADOVA

: I the highest numbers at z~2.5
400 f

O : Overdensity at z=5.7
'g 300 E revealed with narrow band
S X B / _
C : _
200 F _

0 45 50 55 6.0 65 7. ...and also at z=4-6

100 redshift

VUDS | VIMOS UltraDeep Survey

redshift
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DEGLI STUDI Outline of the talk

DI PADOVA

A very biased, not very coherent, selection of:

1. Science enabled by large VIMOS spectroscopic samples at z > 2

2. Projects not planned in the proposals

N\

this is really something Olivier
always pushed us to do...
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Look for serendipitous LAE!!
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(1+2)
3.0 3.5 4.0 4.5 5.0 55

2=3.168

3500 4000 4500 5500 6000 8500

PC, Le Fevre et al. (2011)

Unplanned project 1

Flux limited more than EW limited
3.3 arcmin2 down to F > 1.5x1018
22.2 arcminZ down to F > 5x1018
217 serendipitous Lya emitters
Deeper than literature: LF slope
Long spectral baseline: check for
other lines and exclude contaminants
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Evolution of the Lya LF

« Mild evolution, or
consistent with no
evolution from z=2 to z=6

1 dex deeper!

N[(AlogL)™ Mpc™]

» we reach L=2x1041erg/s

< Ouchi 2008 z=3.1 A Ouchi 2008 z=3.7
X Gronwall 2007 z=3.1 O Dawson 2007 z=4.5

(1/10 L*): we can
constrain the slope up to

-2
10 z~41!
f& )
£ 10
. *Very steep faint end:
%0 104
O —_—
E a=-1.6 -1.8
= _s[| O ouchi 2008 z=5.7 ® 1.95<2<3.00
10 % Shimasaku 2008 z=5.7 1 3.00<z<4.55
+ Murayama 2007 z=5.7 ® 4.55<2<6.60
-8 N
10 2 2 2 2 0 a2 s 2 222222 l 2 2 22 23 2 az L sz aaslaz s L2 8 2 22 | Dt AN ekttt | N g g R | ™ PC, Le FeVre et al. (2011)
41 42 43 44 41 42 43 44

log(L(Lya))[erg/s] log(L(Lya))[erg/s]



Unplanned project 2

il Look for peculiar populations:
LA 13 High quality broad (FWHM<1600 k_m/g)

B Hell emitters at 2<z<4.5 ... :
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Hell emitters at 2<z<4.5

I What powers the Hell emission?

Stacks of the Hell emitt | = =3 45 _ — .
good Hell narrow stack AV = -118 km/s FWHM = 997 km/s / Lq‘:: g IE. ° COOIIng radlatlon unllkely
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wavelength

good Hell broad stack AV = 233 km/s FWHM = 1830 km/s
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-Pockets of Poplli?
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we

* AGN unlikely: no other
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See also Nanayakkara+19
including VUDS data
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VUDS | VIMOS UltraDeep Survey
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O. Le Fevre!, L.A.M. Tasca', P. Cassata', B. Garilli®, V. Le Brun', D. Maccagni’, L. Pentericci*, R. Thomas', E.
Vanzella?, G. Zamorani?, E. Zucca®, R. Amorin?, S. BardelliZ, P. Capak'?, L. Cassara’, M. Castellano*, A. Cimatti®,
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VUDS in a nutshell

sample VUDS spectra with 4<z<5

I I | I I I I | I 1 l | | 1 | | l
2=41.5769, 1,,-24 C6, flag—4

3

3600A

} =6
WNMMN,\/W*’JL WA, < %A'MWMM{ MN"’? Ly-limit Lyy Lyp

« ESO large program

» Focused on 2<z<6

» 1 deg?

» 10,000 targets

» 3 fields: mitigate cosmic variance

» Selection: photo-z + SED + color, ing<25
- 14hr integration over 3600-9300A b
» 8000 galaxies with 0<zspec<6.5 ——
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VUDS: what kind of galaxies?

A
0
»
- ————

VUDS | VIMOS UltraDeep Survey

_ Across different Evolving ISM: Lya fractior
All main-sequence environments increases with z

I e N N S O e B VUDS-COSMOS 4.53 <z < 4.60 Voronoi MC Overdensity  04[ T 7777777 RS AR BEEEEREAR HERSAREAS E
: g ¥ o S —21.78<Mpyy< —20.25 :
- 0.7<2<1.5 : _ b&’f-""&"\ . :
» 1.56<z<2.50 i 2 - Q?‘__-';(s\ o -
- am i . A 7
» 3.5<2<4.5 T L P P\ i L 3
2 -z>45 P ;-.;f;.5,¥q;,:- - - 03I N
g R 2.4
T Qe
™ e
-
= ! & 5
— z o . =
% 5 2.2 ‘% g
U2 o
- 1>
=
2.0 0.1F . &
L= DR P (ST AT SHROY JAG Bl Y UE WAL TR MG Kt Wl TN NI LR P WO L L 150.4 150.2 150.0 149.8 : | aII SpGCtro Z. )
‘ Oya00 €] (1K) I I Lo vy I I |y
7 8 9 10 11 12 A > 3 4 5 5
log(Mstar) (MQ) . . redshift
Lemaux+14, Cucciati+14,
Tasca, Le Févre+15 Lemaux+18, Cucciati+18 Cassata, Le Févre+15
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VUDS probes the cosmic dawn

5.0

e e et faoerr ) Main-sequence at 5<z<6.5

p 4

4 L L] 1 1 ] L] 1 ] L] 1 1
: — I\IIIS at 5.O<z<6.6I (This work)
-'-':-::'-2:-!3-" ' = i - MS at 4.9<z<6.0 (Pearson et al. 2015)
QN s e ] ':‘ 3 :_ MS at 5,59 (Speagle et al. 2014)
8 I MS at 5.59 (SchreibeF et al. 2015)
& " : G :
< & f < ’
L 10
E 5. 2 '_ . 4 .‘!‘é —
o . e form ot .
™ ; | ".- d
& - _ . \ 4 ]
3 1 T 4+ SFRsep T
— E © SFRppx-8 -
" . <4  AGN _
‘-'?. | An" 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
9 10 1 12

6300A Wavelength 9350A

log(M « /M)

48 galaxies with spectro-z at 5<z<6.5 15 Khusanova, Le Févre, PC et al. (2020)



N[(AlogL)~*Mpc—3]

10~4

107> ¢

This work, iag <25, 2~5.6 3
This work, iag > 25, z~5.6 1
z~5, McLure et al. (2009) 7
z~5, Bouwens et al. (2015) |
z~6, Bouwens et al. (2015) 3
z~6, Bowler et al. (2015)

—20.5

[ Y This work, binned
- Drake et al. (2017)
Cassata et al. (2011)
Ouchi et al. (2008)
Santos et al. (2016)

X O 0 <

log(L yq)lerg/s]

41.0 415 42.0 425 43.0 435

VUDS | VIMOS UltraDeep Survey

VUDS probes the cosmic dawn

« MS extends beyond z=5

* Probed the bright end of
the Lya LF

» SFRD(Lya)/SFRD(UV)~1

A lot of SFR could be
hidden by dust

0.0 m™™—m—m——mr—r—»—1+r—r—Trrrr-———_——rr—r—r—— T
« =  Madau & Dickinson (2014) Drake et al, (2017)
This work (Lya), IGM corr. (Thomas+17) Cassata et al. (2011)
‘iﬁf This work (Lya), uncorr. () Ouchi et al. (2008)
This work (UV, dust corr.) /\ Bouwens et al. (2015)
This work (UV, uncorr.) \/ Bouwens et al. (2012)
-05F
~1.0f A
-15F %
—2.0F} @ T
: L % . |
z., & 1
[:1:] |
* =n
_2 5 ) PR 1 | | | - ) ) M ) || | || 4 | 4
0 1 2 3 4 5 6 7 8 9
Redshift

Khusanova, Le Fevre, PC et al. (2020)
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Unplanned 3: CGM at cosmic noon

The CGM is where the

interplay between galaxy and Target foreground galaxy =220
|GM takes place . . © J i
Diffuse g,, 302 J 0 A 1
,\\&e‘a\ng - 20? —LJJ_
b\

» 238 projected pairs (thanks to

VUDS good spectral sampling)
| » Only good quality redshifts
it? * re>—<«L.
How to probe it* CGM probed by background <Zfore>=2.D
sources at different impact Stacks of tens of VUDS

Méndez-Hernandez, PC, et al. (2022) parameters background spectra
17



CGM at cosmic noon

VUDS

VIMOS UltraDeep durvey

SRR MUY HIS(US) detected upto 146

e ' ’ (172) kpc

» Stronger absorption than at
lower z

» Decreasing Lya with impact

parameter up to 150 kpc
Lya 1215.7

- —— —— —— —— —

g 0 a N 2 .1(1)0. 2 a2 .260. .< . O N A A .1(1)0. a 2 .2(1)0.
11334.5 __ siIv.1393.8
8?23 =46 8}%

SlIV 1402.8 _ Sill 1526. 7
888 8??2 = %% Y

rT— 0.6, p= 01421

[ =067,p= 0.174
0.0 r==1.0 p=0.042

CIV 1548.2 i o

r 1 4 O : 5 O WLl -| Lo M, 1..11i Leals | PP TP 1 [N PO || wls *w
rr = () 8 p = 8 P

- SlII 1526 7 CIV 1548 2

1.00]

3

1.00

Méndez-Hernandez, PC, et al. (2022)
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A2C2 LMA ALPINE [CII] Survey

ALPINE: The ALMA Large Program
to INvestigate Cll at Early times

Pl: Olivier Le Fevre
Co-Pls: M. Béthermin, P. Capak, P. Cassata,
A. Faisst, D. Schaerer, J. Silverman, L. Yan

S

Co-Is: Amorin, Bardelli, Boquien, Cimatti, Dessauges-Zavadsky, Dunlop, Giavalisco, Hathi, Hemmati, Hughes, Ibar, Jones,
Koekemoer, Lagache, Lemaux, Maiolino, Masters, Nagao, Narayanan, Oesch, Pavesi, Pforr, Pozzi, Riechers, Rujopakarn,

Talia, Tasca, Thomas, Toft, Tresse, Vallini, Vergani, Walter, Wei-Hao Wang, Zamorani, Zucca
20



Motivation

_040'2'4'6'8 | 10 ' 12
~ ¢ 5 SFRD(2)
a -0.8 - -
= | ] . .
_— i * Increased by 10x In the
o . .
> 16l - first 3 Gyr after Big Bang
= ~
> & * peak z ~ 2
o 2 .
e & * decreased by 10x since
i 1 , 1 N £
-24 '

0 1 2 3 4 5 ¢¢ 7 8

Redshift

Based on UV only
We have a biased view of the Universe atz > 3

21



e SOl L What is ALPINE ?

a Q

AZCZS ALMA ALPINE [CIl] Survey

ALMA LP: 70h cycle 5

COBE, FIR [CII] —
spectrum of i |
Milky Way one of the main coolants

for the ISM

 brightest FIR line: L[CII}/
L[FIR]~0.1-0.3%

 can be brighter than Lya

* In the sub-mm/mm range
at 4.5<z<9

Traces SF?

158 pm rest-frame:

» traces the peak of the dust
thermal emission

Dust obscured star-formation



N AL S Main science goals

VA 1% -
N\ 1

AZCZS ALMA ALPINE [CII] Survey

» [Cll] as a SFR indicator

» A first comprehensive and precise (< 20%) measurement of
the SFRD at 4 < z < 6 from UV+FIR continuum and C+
emission

See Andreas’ talk

» A first detailed characterization of ISM properties using
LFIR/LUV and C+/FIR diagnostics

» A first measurement of dynamical masses from spectrally
resolved C+, combined with stellar masses and estimates
of DM halo masses to measure the gas fraction and its
evolution

23
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|K :
y‘ I'_-r !

A2C2S | ALMA ALPINE [CII] Survey

ALPINE is a UV rest-frame selected sample 1 Stack FIR continuum Images in bins of
* Bright enough to get spectro-z M. or Meuy
« SFR selection, not a volume limited sample

. 2 Measure the flux on stacked images and

obscured SF in these galaxies?

3 Derive correlation Fgr - M. or Frr - Mgeuv

SEFRD = SFRDFUV,UHCOIT + SFRD IR 4 Define proxy density - ¢ in bins of

/ M. or Mruy
5 Derive IR

From UV-Optical From ALMA continuum Ing;:\ngo;? é’i’lﬁﬁfff

IS M. or Mruv

6 Convert pirto SFRDg.

Only 23/118 continuum detections — stacking

Khusanova+2021
24



W im™| 1. Obscured SF in UV selected samples
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AZCZS ALMA ALPINE [CIl] Survey

LN I L I L L k L L] l LI LI I L I LI ] LI I B |
A ALPINE, lower limit ucciati+12 Bouwens+15 Wang+19 -
. Madau & Dickinson (2014) Dahlen+07 Magnelli+13 Koprowski+17 . . .
B * M. as a proxy Reddy+09 Riechers+20 Gruppioni+20 : Dust emission based estimates
—0.5 _. Meyy as @ proxy Bouwens+12 Gruppicni+13 [] Kistler+09 —
i Khusanova+20 Schenker+13 Rowan-Robinson+16 f{ Loiacono+20 i Dust-corrected UV eStImateS

- 1 @ ALPINE

-1.0 | ' —~

a e 5
* ..

sl B | Constant SFRD at z > 3??

log(SFRD Mgyr—'Mpc—3)

20} .
_ - UV based estimates

i _ seem to understimate
: A 1 the total SFRD by 60%

-2.5F Khusanova+2021 -
A
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2. SF in UV-optical dark galaxies
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AZCZS ALMA ALPINE [CIl] Survey

But what about the contribution of dust-obscured galaxies to the SFRD?
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26 56 UV-optical dark sources



fo N 2. SF in UV-optical dark galaxies

A2C2S  ALMA

SFRD

Look-back Time (Gyr)
5 10 12 13

10 T e e e T S B N e e ] - I l ‘ h
B T s i — ———{ Sub-mm: This work
8 e / /7777 No [C |l] emitters g - /% i
- 7 B [C 1] emitters - - SRES [C ] Loiacono+ 2020
6 - = — UV+IR: Khusanova+ 2020
z - - 107 L e o
4 - = — E :
B B % B i
: g O B .
E / E e A g
- ] = ST
o 7 e . ! . ? i -
B — . ; 102 2 . “\ -
8 e - No [C II] emitters i P R a | ‘e, | €G3 ‘e, =
- HST+near-IR dark : O, il . N, N
§ 2 > Q L1 Magnelli+ 2011, 2013 A Schiminovich+ 2005 | "4 17 o -
Sanders+ 2003 ', v, . . -
6 — — G @ ® Dahlen+ 2007 A -, -
— B . O B Takeuchi+ 2003 A Reddy & Steidel 2009 mmb
4 F 5 ) — o0 Gruppioni+ 2015 ¥ Cucciati+ 2012 Radio > 7
2 | Q | | Rowan-Robinson+ 2016 Schenker+ 2073 * Novak."'szi( |
E : 10-3 — mm & Bouwens+ 2015 “al 4 e
ke — = B Dunlop+ 2017 # Mc Leod+ 2016 Models 7} N ]
"~ N - . Bethefmin+ 2017 L -
B 2 B CIB+CMB lensing Qesch+ 2018 e .
- - . e Maday & Dickinson 2014 L
0 ~ 4 Planck Collab. 2014 @ Ishigaki+ 2018 s B nile -
"""" ustris simulation .
0 1 5 3 4 5 8 7 - Optical/IR GRB WSS Pillepith+ 2018 o :
' - [ Driver+ 2018 ¥ Kistler+ 2009 mmmun  Lagache+ 2078 : -
redshift e i s gt e v Sl D i el g B e -
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Redshift distribution redshift
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Gruppioni+2020



n Unplanned 2: ISM at cosmic
- SRl dawn with Lya and [CII]

A2C2S | ALMA ALPINE [CII] Survey

Mpyy<M=

» 93 galaxies at 4.5 <z <6 - MMM+l o0 25 Cassata+15

v

Stark+ lO;é)tark+ 11
—-21.75<M uv<“20-25]
aller +1§

[—21. 5<Mpuv<—20.25]

- all main-sequence

0.4 —

» fraction of strong LAE: similar to other
samples at same z

:
Fraction of strong LAE in ALPINE, ~28%:
. EW(Lya) > 4 A e

. S/N([CII)) > 3.5

» 28 with ISM lines

0.0Lolt

redshift

The largest sample with Lya and systemie velocity at z > 4



Num

A2C2
20 [

L2

S| A

1\

I-.

. )
VA 1% o~

=1\

LMA ALPINE [CII] Survey

Lya—[CIlI] [53 objects]

ISM—[CII] [28 objects]

13

10

Lya—ISM [28 objects]

G,

N
V//
./

55

5
9.9.9.9.4
99999
9.9.9.909
9.9.9.9.94
0’0’&0‘&‘ X
%

()

X/ K AN
0720057056 00N 10 %54 e e e

/, QSIS <
é B

0 500
Av [km/s]

Av Lya, Av ISM

{ Cassata+2020, A&A

- Lya-[CIl] < 500 km/s (peak
at 200 km/s)

+-500 < ISM-[CII] < 0 km/s
(peak at -200 km/s

* 0 < Lya-ISM < 800 km/s
(peak at 400 km/s)

Evidence for outflows
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500 |

~500 |

1000 | ®escape<0.05 [10 objects] -
- ®0.05<escape<0.3 [16 ob|ec’rs]:

® escape>0.
slow outflow regime

fast outflow regime

Cassata+2020, A&A

[2 objects]

All 53 objects
28 with ISM

N
RN

“\3»0000000000& I~
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600 800

» Outflows favour Lya escape:
. larger Lya escape fractions, small

700 —

Uniform shell model

Lya peak offset in homogeneous shell models

® \Vexp < 20km/s
600

B 20 < Vexp < 300 km/s
¢ 300 < Vexp < 700 km/s

1‘:
i b 'S
sl

. )
- -
o o
T 1

Vpeak [km/s]
(F%)
s

200

100

Lya offsets

. the escape depends on NHI (or

Coveringsgraction)
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AZCZS ALMA ALPINE [CII] Survey

800 |

600

400 |

200 |

~200

—~400 |

Cassata+2020, A&A -

4 5 6 7
redshift

31

Comparison with low z

Upper panel: Aviya
significant evolution

Lower panel: Avism
Nno evolution



i Evolution of fesc, LAE
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AZCZS ALMA ALPINE [CIl] Survey

Aviya correlates A\viya decreases with z
with EW(Lya) or
fesc(Lya) 500

600
E """ * 1 F-'~=1'| (<:—m-.-)l
e W ll::ES 52 (I:lg’fot)) ~—
o FEEAL g 400 |
g i E redshift
:*,A_l* "“_},o"\':; —_
o | Bherd . 200 S
o |.. * ;..*5‘“::2 3 ® 2025<M <-1875
10 b " _ - A n
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e ——r - ?
I RS ~200
oF . . L 4 ° B
VLya .
. 1 ) -
redshift 2 L
- - 0.0 ! ‘__.OC\
At the same time, no evolution of Avism 4 5 6 7 3
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